The properties of bulk NaCl, NaCl͑001͒, and stepped NaCl͑001͒ surfaces have been examined with density functional theory within the plane-wave pseudopotential approach. Aiming to remedy the lack of quantitative energetic and structural knowledge of such surfaces, we employ the local-density approximation and generalized gradient approximation of Perdew-Burke-Ernzerhof ͑PBE͒ exchange-correlation functionals as well as the PBE Wu-Cohen functional ͓Phys. Rev. B. 73, 235116 ͑2006͔͒ to determine the surface energy and surface structure of NaCl͑001͒. A range of 9 -15 meV/ Å 2 is obtained for the surface energy of NaCl͑001͒, and the surface is predicted to undergo only small relaxations of the top layer atoms, consistent with low-energy electron diffraction I-V analyses. The isolated step formation energy of monoatomic ͑100͒-like steps on NaCl͑001͒ is estimated to be about 40-60 meV/ Å and the interaction energy between adjacent steps is weak. Thermodynamics has been employed to determine the relative stabilities of stoichiometric ͑100͒-like and nonstoichiometric ͑111͒-like steps on NaCl͑001͒, revealing that ͑100͒-like steps are significantly more stable than ͑111͒-like steps at all accessible values of the chlorine chemical potential.
I. INTRODUCTION
Common salt, NaCl, plays a key role in environmental chemistry, biology, and several other scientific disciplines, as well as being a material of obvious importance to many aspects of daily life. Since all bodies interact with their surroundings through their surfaces, it is necessary to explore the structure and properties of NaCl surfaces if an understanding of the role salt and salt particles play in the above disciplines is to be arrived at. On the basis that one must first understand the properties of clean surfaces before one can understand their interaction with atoms and molecules, the current paper focuses exclusively on flat and stepped NaCl͑001͒.
Many qualitative features of the surfaces of NaCl are well understood. 1, 2 It is known, for example, from the cubic equilibrium shape of NaCl crystals, that the low-energy surface of NaCl is the electrically neutral and stoichiometric ͑001͒ surface. It is further understood that the Na and Cl atoms at such surfaces will undergo only small relaxations from their bulk truncated positions. 3 It is recognized that the steps, which invariably form at such surfaces, are stoichiometric and nonpolar and of importance to many physical and chemical properties of NaCl. [4] [5] [6] [7] However, quantitative insight into the properties of NaCl surfaces is, to a large extent, lacking. This is mainly because many of the popular surface science probes, which have been so successfully exploited to probe the surfaces of metals, such as scanning tunneling microscopy, low-energy electron diffraction ͑LEED͒, and photoelectron spectroscopies, cannot easily be applied in a nondestructive manner to the surfaces of wide-band-gap ionic materials, such as NaCl. The conventional application of these electron-based probes to insulators can lead to surface charging, electron-stimulated dissociation of the alkali halides, and alkali enrichment of the selvedge, all of which hampers characterization of the surface. 8 From experiment there are two main approaches to remedy or at least mitigate the destructive nature of the electronbased probes at insulating surfaces. One is to use a probe with a low electron current. With LEED, for example, this means the deployment of systems operating with very low primary currents in the picoampere or low nanoampere range. The second approach is to investigate the properties of thin ͑nanometer͒ films of insulators supported on metallic substrates, rather than attempting to investigate pure single crystals of the ionic materials themselves. For NaCl͑001͒, both techniques have been applied, leading to two independent LEED I-V structure determinations 9, 10 that provide valuable data with which to benchmark the accuracy of our computational approach. Nonetheless, our general understanding of salt surfaces falls far behind that of metal and semiconductor surfaces, with important issues such as the surface energy and step formation energies of NaCl͑001͒ remaining unclear. Indeed, this absence of insight into clean NaCl͑001͒ persists despite several recent theoretical studies of atomic and molecular adsorption on NaCl͑001͒. [11] [12] [13] [14] As part of our ongoing work into the chemical and physical properties of salt surfaces, 15 we aim here to elucidate some of the key structural and energetic properties of flat and stepped NaCl͑001͒ with density functional theory ͑DFT͒. The particular interesting and unresolved issues that we intend to shed light on are ͑i͒ the surface energy and atomic structure of NaCl͑001͒; ͑ii͒ the step formation energy of the most commonly observed monoatomic ͑100͒-like steps on NaCl͑001͒; ͑iii͒ the relative stabilities of Na and Cl terminated ͑111͒-like steps, their stabilities compared to the neutral ͑100͒-like steps, and insight into what conditions of temperature and pressure ͑if any͒ such steps will become stable; and ͑iv͒ the electronic structure of Na and Cl atoms at NaCl͑001͒ terraces and steps, aiming, in particular, to understand how these atoms differ from atoms inside the bulk of a NaCl crystal. To address these issues, we employ three different exchange-correlation functionals: the local-density approximation ͑LDA͒, the generalized gradient approximation ͑GGA͒ of Perdew, Burke, and Ernzerhof ͑PBE͒, 16 and a revised PBE from Wu and Cohen ͑PBE-WC͒. 17 The latter PBE-WC functional is of interest because it has been shown to outperform PBE for the calculation of various properties of solids and slightly improve over PBE for the surface energy of jellium, but has not yet been applied to compute the surface energy of a real material. The plan for the remainder of this paper is the following: Section II provides details of the computational setup employed. In Sec. III, bulk NaCl is discussed, and in Sec. IV, our calculations of flat NaCl͑001͒ are presented. Section V deals with the structure and energetics of steps at NaCl͑001͒, and in Sec. VI, several aspects of the electronic structure of flat and stepped NaCl͑001͒ are addressed. In Sec. VII, we draw some conclusions.
II. COMPUTATIONAL DETAILS
All calculations have been performed with DFT within the plane-wave pseudopotential approach, 18, 19 as implemented in the CASTEP code. 20 Most properties reported here have been computed with the LDA 21 and the PBE GGA 16 exchange-correlation functionals. In addition, the modified PBE-WC functional 17 has been used for a number of bulk and surface calculations. This functional differs from PBE only in the functional form of the so-called exchange enhancement factor, in the same spirit as the revPBE 22 and RPBE 23 functionals. PBE-WC, as we refer to it here, has been designed to give the exchange hole a more diffuse radial cutoff than the original PBE has, which is believed to be more appropriate for the calculation of solids and their surfaces. 17, 24 Indeed, PBE-WC lives up to this design feature by showing better performance for various properties of solids such as lattice constants, bulk moduli, and the surface energy of jellium. 17 In the current work, the electron-ion interactions are described with Vanderbilt ultrasoft pseudopotentials 25 expanded up to a plane-wave cutoff energy of 400 eV. LDA pseudopotentials have been used for all LDA calculations, and likewise, GGA ͑PBE͒ pseudopotentials have been used for all GGA ͑PBE and PBE-WC͒ calculations. Further, we note that the well-known problem of nonlinear core-valence electron exchange and correlation for Na ͑Ref. 26͒ has been eliminated in the present study by treating the Na 2s and 2p electrons as valence electrons.
The thicknesses of the NaCl slabs examined ranged from 2 to 12 layers, and a variety of periodic supercells were used to model the different surface systems considered. For the flat NaCl͑001͒ surface, a ͑1 ϫ 1͒ unit cell was employed, as is observed in experiment. 10 For the calculation of monoatomic steps on NaCl͑001͒, a single layer stripe of NaCl͑001͒ was placed on top of a four layer NaCl͑001͒ slab. The stoichiometric "͑100͒-like" steps were constructed from three atom wide overlayer stripes of NaCl͑001͒ separated by 1-5 atom wide lower terraces of NaCl͑001͒ ͓Fig. 1͑a͔͒. Likewise the polar "͑111͒-like" steps were constructed from NaCl͑001͒ overlayer stripes whose "edges" were cut in such a manner as to yield either purely Cl terminated or purely Na terminated steps ͓Fig. 1͑b͔͒. More details of these models will be given below and, in particular, for the ͑100͒-like steps, on which we focus, the dependence of their stability on the width of the upper and lower terraces will be discussed ͑Sec. V͒. In every case, a Monkhorst-Pack 27 k-point mesh with the equivalent of at least a 4 ϫ 4 sampling within the 1 ϫ 1 surface unit cell was used, and the vacuum region between slabs in adjacent cells was in excess of 11 Å.
We note that, in addition to the tests of the computational setup discussed in the next section for bulk NaCl, careful tests on the dependence of our computed surface energies ͓Eq. ͑4͔͒ and ledge energies ͓Eq. ͑5͔͒ with regard to planewave cutoff and k-point sampling were performed. These tests, which are reported in Appendix A, reveal that our chosen cutoff energy ͑400 eV͒ and k-point mesh ͑4 ϫ 4 sampling within the 1 ϫ 1 surface unit cell͒ yield surface energies and ledge energies converged to within 0.2 and 0.5 meV/ Å, respectively, of those obtained with a much higher cutoff ͑1200 eV͒ and much denser k-point mesh ͑16ϫ 16 sampling within the 1 ϫ 1 surface unit cell͒.
III. BULK NACL
The properties of bulk NaCl were examined in order to further establish the accuracy of the current computational setup. In particular, the equilibrium lattice constant, bulk modulus, and various expressions for the energy of bulk NaCl were computed and compared to experiment and previous theory. [28] [29] [30] [31] [32] [33] These data, which we now discuss, are given in Table I .
Our computed lattice constants with the LDA, PBE, and PBE-WC functionals are 5.48, 5.70, and 5.62 Å, respectively, and the computed bulk moduli are 32, 23, and 25 GPa. Compared to experiment, PBE overestimates the lattice constant and bulk modulus, whereas LDA underestimates the lattice constant and bulk modulus. This is consis- FIG. 1 . ͑Color online͒ ͑a͒ Partial sketch of the model used in the calculation of neutral ͑100͒-like steps on NaCl͑001͒, comprising a "stripe" of NaCl atoms on top of the flat NaCl͑001͒ surface. d is the lower terrace distance between adjacent steps, which is varied in separate calculations to extract the isolated step formation energies of ͑100͒-like steps on NaCl͑001͒. The dashed rectangular box represents the top half of one specific unit cell used in calculations for the value of d shown. On the right, the direction of the computed displacements of the surface atoms in the vicinity of a step is indicated by the arrows. ͑b͒ A partial sketch of the model used in the calculation of the polar ͑111͒-like steps on NaCl͑001͒. The overlayer stripes are cut to yield either purely Cl terminated or purely Na terminated steps. Note that although only one layer of NaCl͑001͒ is shown, four layer thick NaCl slabs were used in all step calculations. Dark ͑blue͒ cubes or circles represent Na atoms, whereas light ͑gray͒ cubes or circles represent Cl atoms. tent with what is generally known about the performance of these functionals for solids and, for the specific case of NaCl, consistent with previous LDA and PBE calculations. In particular, our values agree well with recent full-potential linearized-augmented plane-wave 29 ͑FP-LAPW͒ and projector augmented wave plus plane-wave 30 ͑PAW-PW͒ studies, as can be seen from Table I . As expected, the PBE-WC functional shows improvements over both LDA and PBE, yielding a lattice constant ͑5.62 Å͒ and a bulk modulus ͑25 GPa͒ which are closer to experimental results than the two other functionals, also in agreement with the original PBE-WC paper. 17 The energetic stability of ionic crystals is typically reported in a variety of different manners, such as the formation energy, the cohesive energy, and the lattice energy. We have computed each of these quantities with the LDA, PBE, and PBE-WC functionals and now discuss each in turn. The formation energy ͑E f ͒ of bulk NaCl at zero Kelvin ͑neglect-ing contributions from zero point vibrations͒ is defined as
where E NaCl͑s͒ , E Na͑s͒ , and E Cl 2 ͑g͒ refer to the total energies of bulk NaCl, bulk Na, and gas phase Cl 2 molecules, respectively. Our computed formation energies with the LDA, PBE, and PBE-WC functionals are −3.89, −3.63, and −3.65 eV, respectively. The corresponding experimental value is −4.26 eV. Thus all functionals employed here predict too small a value of the formation energy. This underestimation is consistent with the only other GGA-PBE report of the formation energy of NaCl, which gave −3.68 eV. 30 We have tried to identify the source of the error in the DFT formation energies. It does not appear to come from the Na bulk reference state since the cohesive energy of bulk Na is rather accurately computed with all three functionals: 1.25, 1.08, and 1.10 eV, within the current computational setup for the LDA, PBE, and PBE-WC functionals compared to the experimental value of 1.11 eV. A more likely source for the too low E f is an error in the Cl 2 molecule, the bond strength of which is overestimated by all three functionals: 3.69, 2.91, and 3.13 eV for the LDA, PBE, and PBE-WC functionals compared to an experimental value of 2.52 eV. However, we caution that this is only part of the story and that errors most certainly exist in the NaCl bulk total energies too, since the Cl 2 bond strengths alone do not provide a quantitative account of the computed E f for all three functionals. The cohesive energy ͑E coh ͒ and lattice energy ͑LE͒ of NaCl at zero Kelvin ͑without corrections for zero point motion͒ are defined as follows:
where E Na͑atom͒ , E Na + ͑ion͒ , E Cl͑atom͒ , and E Cl − ͑ion͒ refer to the total energy of isolated Na and Cl atoms and ions, respectively. The two quantities differ in how the isolated Na and Cl species are defined: for E coh , it is one comprised of Na and Cl atoms, whereas for LE it is one comprised of charged ions. From Table I , it can be seen that all functionals do a reasonable job at predicting E coh , coming within 0.5 eV ͑7%͒ of the experimental value ͑6.62 eV͒. Specifically, the computed values are 6.96, 6.16, and 6.28 eV for LDA, PBE, and PBE-WC, respectively. Again, where comparison with previous DFT calculations is possible, our computed ͑PBE͒ value is very close ͑0.01 eV away͒ to the previous PAW-PW report. 30 For the calculation of the lattice energy, similar quality results are obtained with the computed values of LE being 8.39, 7.59, and 7.91 eV with the LDA, PBE, and PBE-WC functionals, respectively, compared to the experimental value of 8.20 eV. We note, however, that for the calculation of the charged ͑Na + and Cl − ͒ ions in our periodic supercell, it was necessary to apply the correction of Makov and Payne 34 to obtain reliable ionization energies and electron affinities for Na and Cl. Our computed values for LE with the LDA ͑8.39 eV͒ and PBE ͑7.59 eV͒ functionals are close to the values of 8.52 and 7.65 eV reported before for the LDA and PW91 ͑Ref. 35͒ functionals in a periodic DFT study of alkali halides with basis sets comprised of Gaussian-type orbitals. 28 In conclusion, we have established the accuracy of the current computational setup and made comparisons to experiment and previous theory when possible. As reported before, PBE-WC improves over PBE ͑and LDA͒ for the calculation of the lattice constant and bulk modulus of NaCl. However, when it comes to the calculation of the energetics of bulk NaCl, it is difficult to see too much improvement with PBE-WC.
IV. NACL(001)
A. Structure of NaCl(001)
The NaCl͑001͒ surface was examined with the LDA, PBE, and PBE-WC functionals. In Table II , our computed DFT values for some key structural parameters of NaCl͑001͒, obtained from calculations with 12 layer thick slabs, are reported. In particular, the interlayer spacing and intralayer buckling of the Na and Cl atoms of the top three layers are given along with the experimental values determined from the two LEED I-V studies. 9, 10 It is encouraging that all three DFT functionals agree well with each other. Specifically, a contraction of the interlayer distance between the first and second layers ͑⌬ 12 ͒ of about 0.5% is predicted by all three functionals and a small buckling in the height of the Na and Cl atoms in the top layer of 0.07-0.11 Å is obtained. We note that a positive value for the buckling implies that the Cl atoms have relaxed outward ͑toward the vacuum͒ relative to the Na atoms. The trends in the buckling and relaxations predicted here agree with the LEED analyses, although our predicted first to second layer relaxation at 0.5% is smaller than that obtained from LEED ͑1.4% from the single crystal study 10 and ϳ3% from the experiments on the thin metal-supported NaCl films 9 ͒. Aside from the relaxation and buckling of the top layer atoms, the atoms in other layers remain almost exactly at their bulk truncated positions. Specifically, the interlayer spacing between the second and third layers ͑⌬ 23 ͒ differs from the bulk value by ഛ0.1% in our calculations and 0.11% in experiment, 10 and the buckling of the Na and Cl atoms in the second layer ͑⌬ 2͑Cl-Na͒ ͒ is reduced to between −0.01 and −0.04 Å in our calculations and −0.02 Å in experiment. 10 By the time the third layer is reached, both DFT and LEED agree that the bulk, nonbuckled, limit has been reached.
B. Surface energy of NaCl(001)
The surface energy is a basic thermodynamic quantity of a surface, of crucial importance to the equilibrium shape of crystals. However, it is an incredibly difficult quantity to determine experimentally, 36, 37 and, indeed, most experimental surface energy measurements of NaCl ͑and other materials͒ go back to the 1960s and 1970s. 38 For NaCl, this has led to a large range of 11-24 meV/ Å 2 for the surface energy of NaCl͑001͒. We illustrate this with the plot in Fig. 2͑a͒ and aim here to make a contribution from first principles theory toward narrowing this range somewhat.
The surface energy is defined as
where E slab is the total energy of the NaCl slab and E bulk is the total energy of a NaCl formula unit in bulk NaCl. The number of NaCl formula units in the slab is N, and A is the surface area of the slab. For all three exchange-correlation functionals, slabs of 2-12 layer thickness were examined, leading to the computed values of ␥ displayed in Fig. 2͑b͒ . Two features of Fig. 2͑b͒ are apparent. First, ␥ is extremely insensitive to the number of layers used in the calculation.
The computed values of ␥ with the two layer slabs differ from those computed with the 12 layer slabs, by Ͻ0.5 meV/ Å 2 for all three functionals. Second, the choice of exchange-correlation functional has a noticeable and significant impact on ␥, with ␥ being ϳ14.6, ϳ9.0, and ϳ9.4 meV/ Å 2 with the LDA, PBE, and PBE-WC functionals, respectively.
In the absence of reliable experimental measurements of the surface energy of NaCl͑001͒, it is difficult to say which functional yields the most reliable value of ␥. However, we can make a qualitative judgment by drawing upon experience from other materials. When comparison to experiment is possible, as it most often is for metals, it is typically found that the PBE values are smaller than the experimental ones, with LDA being the closer of the two to experiment. [39] [40] [41] In addition, the recent DFT and diffusion quantum Monte Carlo 42 ͑DMC͒ studies for the surface energy of MgO͑001͒ find that the LDA value is about 30% larger than the PBE value and, moreover, that the LDA value is considerably closer to the, in principle, more reliable DMC result. Finally, we note that the surface energy of NaCl͑001͒ predicted from the PBE-WC functional is about 4% larger than the one obtained with PBE. Thus for the surface energy of NaCl͑001͒, PBE-WC does not appear to offer any significantly improved performance over PBE. Overall, in the absence of a welldefined experimental value or calculation results superior to those provided by DFT, it seems reasonable to suggest that the best estimate of the surface energy of NaCl͑001͒ is the one proposed here of 9.0-15.0 meV/ Å 2 .
V. STEPS ON NACL(001)
Steps are ubiquitous at surfaces and play an interesting and important role in determining the physical and chemical properties of materials. For example, on NaCl͑001͒ nonpolar monoatomic steps observed with atomic force microscopy have been seen to be the active sites for water adsorption and NaCl dissolution. 4 However, quantitative information from either experiment or first principles theory for steps on NaCl is absent, and in particular, the energetic cost to create steps on NaCl is not known. Here, we aim to make a start at remedying this situation by determining the formation energies of and relative stabilities between stoichiometric ͑100͒-like and nonstoichiometric ͑111͒-like steps.
A. Nonpolar (100)-like steps
To begin we introduce a quantity, the ledge energy, which is defined as
where E slab is the total energy of the relaxed stepped surface, which contains N formula units of NaCl. As before, E bulk is the bulk energy of a NaCl formula unit and ␥ is the computed NaCl͑001͒ surface energy. The surface area of the slab is A, and L is the length of the step in the unit cell. Since there are two equivalent step edges in each unit cell, the ledge energy is divided by 2. From the above definition, it can be seen that the ledge energy is the excess energy the stepped surface has over the flat NaCl͑001͒ surface. This differs from the step formation energy of an isolated step by the step-step interaction between neighboring steps. By examining the dependence of the ledge energy on the width of the terrace that separates neighboring steps, however, the isolated step formation energy ͑E step ͒ can be extracted with the aid of the following relation: [43] [44] [45] 
where B / d 2 represents the step-step interaction between neighboring steps and d is the lower terrace length, as shown in Fig. 1 . The 1 / d 2 dependence comes from the fact that both elastic and electrostatic effects give rise to a dipolar ͑1/d 2 ͒ step-step interaction. 44, 45 To obtain the step energy of ͑100͒-like steps, DFT PBE calculations with three different values of the lower terrace width d were performed. Specifically, calculations with d equal to 1, 2, and 3 Na-Cl-Na nearest neighbor distances were performed. With the DFT PBE Na-Cl-Na distance of 5.70 Å, the width of the lower terrace thus ranges from 5.70 to 17.10 Å. The ledge energies obtained from these calculations are plotted in Fig. 3 as a function of 1 / d 2 , and from this, a PBE step formation energy of ϳ42 meV/ Å for monoatomic ͑100͒-like steps on NaCl͑001͒ is determined.
An additional feature of the data displayed in Fig. 3 is that the interaction between adjacent steps is quite weak since the slope of the fitted line is rather shallow. Indeed, even for the system with the shortest intervening terrace between the steps, i.e., d = 5.70 Å, the ledge energy is within 5 meV/ Å of the extrapolated value. For the systems with the two larger intervening terraces the step-step interaction across the lower terrace is essentially zero. 46 An implication of this is that for this system, although certainly not in general, E ledge is an excellent approximation for E step .
The data fitted to Eq. ͑6͒ and used to extract E step in Fig.  3 were all obtained with a fixed upper terrace width of one Na-Cl-Na distance. A calculation of the ledge energy with a wider upper terrace, equal to two Na-Cl-Na distances, yields a value of E ledge that differs from that obtained with the regular upper terrace by only 4 meV/ Å. Such a small change demonstrates that E ledge is also rather insensitive to the upper terrace width and indicates that our computed PBE step formation energy of ϳ42 meV/ Å is reasonably robust to changes in the surface model employed. For the exchangecorrelation functional, however, it is a different story and, as we saw with the surface energy, the choice of exchangecorrelation functional has a significant impact on the computed value. Specifically, the LDA ledge energy for a stepped surface with a lower terrace width of one Na-Cl-Na distance is 58 meV/ Å, compared to the equivalent PBE result of 47 meV/ Å. Thus, as with the surface energy, the LDA value exceeds that of the PBE by ϳ25%. Again, in the absence of experimental measurements for the step formation energy on NaCl͑001͒, we speculate that the real value of E step is within the range provided by the PBE and LDA functionals ͑40-60 meV/ Å͒.
Before moving to the ͑111͒-like steps, we briefly discuss the optimized structure of the ͑100͒-like steps computed here. How the atoms displace in the vicinity of the ͑100͒-like step from their bulk truncated positions is indicated by the arrows on the right of Fig. 1 . Overall we find that, as with the flat NaCl͑001͒ surface, the atoms near the steps only undergo moderate displacements; displacements larger than 0.20 Å from their bulk truncated positions are not observed for any of the atoms in the step simulations. In particular, we find that the atoms not directly located at the step behave essentially as they do on the flat NaCl͑001͒ surface; i.e., the surface layer Cl atoms are displaced toward the vacuum, whereas the surface layer Na atoms move toward the bulk. The Na and Cl atoms directly located at the top of the step undergo similar upward and downward movements, but now also undergo displacements inward toward the step. The net result is a 0.13 Å displacement of the upper step Cl atoms along a plane tilted by 45°from the surface plane and a 0.18 Å displacement for the upper step Na atoms along a plane tilted by 27°from the surface plane. The atoms directly beneath the upper step atoms are naturally affected by the movement of their upper neighbors, and both types of atom undergo an upward relaxation of 0.15 Å.
B. Polar (111)-like steps
Based on the equilibrium crystal shape of NaCl crystals, it is known that stoichiometric ͑100͒-like steps are more stable than other candidates such as nonstoichiometric ͑111͒-like steps. However, the relative stabilities of ͑100͒ and other terminations of step are not known nor is it known under what conditions, if any, other types of step will become favorable. To explore this issue, we have compared the stabilities of ͑100͒-like steps with two alternative polar steps; specifically, a purely Cl terminated ͑111͒-like step and a purely Na terminated ͑111͒-like step, illustrations of which are given in Fig. 4 . Since the ͑111͒-like terminations are nonstoichiometric, i.e., they contain a different number of Na and Cl atoms in the simulation cell, we are unable to directly FIG. 3 . ͑Color online͒ DFT-PBE ledge energy, as defined in Eq. ͑5͒, associated with a ͑100͒-like step on NaCl͑001͒ as a function of the inverse distance between neighboring steps. d is varied from one to three Na-Cl-Na distances, as indicated by the schematic structures. A linear fit ͓Eq. ͑6͒, solid line͔ to the three points yields a PBE based estimate of the isolated step formation energy ϳ42 meV/ Å. A single point ͑triangle͒ obtained with a wider upper terrace ͑two Na-Cl-Na distances wide͒ indicates that the computed ledge energy is reasonably insensitive to the width of the upper terrace. FIG. 4 . ͑Color online͒ DFT-PBE ledge energy of ͑100͒-like and ͑111͒-like steps as a function of Cl 2 chemical potential. The zero of the Cl 2 chemical potential axis corresponds to the total energy of gas phase Cl 2 molecules, as defined in Eq. ͑B3͒. Two temperature scales at 1 and 10 −10 atm are also given as well as partial illustrations of the models used for each type of step calculation. Note that although only two layers of NaCl͑001͒ are shown, four layer thick NaCl slabs were used in all step calculations.
determine the ledge energy from Eq. ͑5͒, as we did for the ͑100͒-like step. However, it is reasonably straightforward to reformulate the ledge energy as defined in Eq. ͑5͒ into a thermodynamic expression based on chemical potentials. This has been done in Appendix B and leads to the following expression for the ledge energy:
where N Na and N Cl are the numbers of Na and Cl atoms in the simulation cell. The only other new quantity introduced in Eq. ͑7͒ is Cl 2 , the chemical potential of Cl 2 molecules in the gas phase. Thus we have an expression for the ledge energy, dependent solely on the chemical potential of Cl 2 molecules, which allows us to compare the relative stability of stoichiometric and nonstoichiometric steps. Further, as shown in Appendix B, an estimate of the temperature and pressure dependences of the relative stabilities of differently terminated steps can be obtained by expressing Cl 2 in terms of temperature and pressure of the Cl 2 gas phase. The change of ledge energy of the purely Cl or purely Na terminated ͑111͒-like steps as well as the stoichiometric ͑100͒-like steps is plotted as a function of Cl 2 in Fig. 4 . In addition, the temperature dependence of the ledge energy at two specific pressures ͓1 atm and ultrahigh vacuum ͑10 −10 atm͔͒ is also given. The two key conclusions we draw from Fig. 4 are the following: ͑i͒ the ͑100͒-like step is significantly more stable than either termination of ͑111͒-like step at all allowed values of the Cl 2 chemical potential. Typically, the ledge energy for the ͑100͒-like step is at least 0.1 eV/ Å lower than either of the nonstoichiometric steps, and ͑ii͒ the ͑111͒-like Cl terminated step is more stable than the Na terminated step at all values of the Cl 2 chemical potential down to −1.7 eV. From the temperature and pressure scales given, one can thus see that the Cl terminated step is more stable than its Na counterpart at all experimentally accessible temperatures and pressures.
VI. ELECTRONIC STRUCTURE
Before ending, we briefly address some aspects of the electronic structure of the NaCl surfaces examined here. In particular, we discuss how the electronic structures of the atoms at the clean and stepped surfaces differ from the atoms in bulk NaCl.
The density of states ͑DOS͒ and projected density of states ͑PDOS͒ for bulk NaCl, as obtained with the PBE functional, are plotted in Fig. 5 . NaCl is an insulator with a wide band gap. The computed PBE ͑direct͒ Kohn-Sham band gap within the current computational setup is 5.0 eV. As expected with such a semilocal GGA functional, this is significantly smaller than the experimental optical value of 8.5 eV. 47 The computed width of the valence band is, however, at 1.6 eV, in better agreement with the experimental value of 1.8 eV. 48 The NaCl valence band is essentially comprised of Cl 3p states, as can be seen from the PDOS plot in Fig. 5͑b͒ . From the PDOS plot, it can further be seen that the bottom of the conduction band is predicted to be of Na ͑3s͒ character. This is the conventional interpretation of the NaCl conduction band. However, there has been some discussion, which is indeed born out by closer inspection of the individual Kohn-Sham orbitals of the bulk NaCl electronic structure, that the Cl 4s contribution to the bottom of the valence band is not insignificant. [49] [50] [51] Moving to the surface, we plot the surface band structure and layer resolved DOS in Fig. 6 , both of which were obtained from a 12 layer NaCl slab calculation. The computed valence bandwidth ͑1.6 eV͒ and band gap ͑5.0 eV͒ are essentially identical to the values computed for bulk NaCl. Further, as predicted long ago by Levine and Mark, 52 we find that the NaCl surface does not exhibit any surface states. Indeed, as could be partly anticipated from the small relaxation and buckling at the surface, we do not see any major changes in the electronic structure upon moving from the bulk of NaCl to the ͑001͒ surface.
By looking closely at the layer resolved DOS ͓Fig. 6͑b͔͒, a pronounced but still small effect is visible. Specifically, we see that as we move from the interior of the slab to the surface, the valence band narrows and its center of gravity moves closer to the valence band maximum: compare the DOS for layers 6, 3, 2, and 1 in Fig. 6͑b͒ . It is clear from Fig.  6͑b͒ , however, that, as with the structural relaxations at the NaCl͑001͒ surface, the bulk properties are recovered almost immediately with the second layer DOS already very close to that of the bulk. A similar effect is also seen through the Cl PDOS plots displayed in Fig. 7 . Here, the PDOSs associated with a Cl atom in bulk NaCl, at the surface of NaCl͑001͒, and at a step on NaCl͑001͒ are displayed. Again, one can see that the Cl 3p valence band center moves closer to the valence band maximum as one goes from a Cl atom in bulk to one at a step. Correlated with these changes in the DOS is an increase in the computed Mulliken charge of the Na and Cl atoms upon moving from the bulk to the surface, to the steps, as can be seen from Table III .
VII. CONCLUSIONS
To recap, bulk NaCl and flat and stepped NaCl͑001͒ have been examined with density functional theory. The properties of bulk NaCl have been computed with the LDA, PBE, and PBE-WC exchange-correlation functionals. Our results agree with previous theoretical studies, and the PBE-WC functional offers improved performance over both LDA and PBE in the description of key bulk properties such as the equilibrium lattice constant and bulk modulus. However, when it comes to the calculation of energetic properties of bulk NaCl such as the formation energy, cohesive energy, and lattice energy, it is difficult to see too much improvement with PBE-WC compared to PBE.
For the structure of NaCl͑001͒, we find only a small inward relaxation of ϳ0.6% for the top layer and a considerably smaller relaxation for the second to third interlayer distances ͑ϳ0.06% ͒. A small buckling between Cl and Na atoms in the top layer, ϳ0.1 Å, is also predicted. All three exchange-correlation functionals agree on this behavior, which is largely in agreement with the LEED I-V analyses, 9,10 although the absolute magnitude of the top layer relaxation is somewhat smaller than the values of 1.4% and ϳ3% that come from LEED.
The surface energy of NaCl͑001͒ is estimated to be in the range from 9 to 15 meV/ Å 2 , as obtained from the three exchange-correlation functionals. In light of the absence of reliable experimental surface energy measurements of NaCl͑001͒, it is difficult to identify one functional as being clearly superior to the others. However, we have discussed how the surface energies obtained from the LDA and PBE functionals often straddle the true value, with LDA likely to be the closer of the two. An improved estimate of the surface energy of NaCl͑001͒ must await either new experiments or more potent calculations than those provided in the current work, both of which are now clearly needed.
The energetics of steps on NaCl͑001͒ has been examined. The formation energy of isolated ͑100͒-like steps on NaCl͑100͒ is ϳ42 meV/ Å as obtained from PBE, with the LDA value expected to be about 20% larger. Placing our computed step energy in a broader context, we note that it is a rather small step formation energy, close to the noble metals silver and copper, for example. 44, 45, 53 Further, the interaction between neighboring steps is small, never more than 5 meV/ Å for the systems examined here.
The ledge energy of polar ͑111͒-like steps has also been evaluated, allowing us to compare the relative stabilities of purely Cl or purely Na terminated steps with each other and with the neutral ͑100͒-like steps. It is found that the ͑100͒-like terminated steps are significantly more stable than either of the ͑111͒-like terminated steps at all allowed values of the chlorine chemical potential. Further, it is found that the Cl TABLE III. The computed DFT-PBE Mulliken charges on Cl and Na atoms in bulk NaCl, at the ͑001͒ surface of NaCl, and at the stoichiometric ͑100͒-like steps. terminated steps are more stable than the Na terminated steps down to values of Cl = −1.7 eV, which effectively means that Cl terminated steps are more stable than Na terminated steps at all accessible temperatures and pressures.
Finally, the electronic structure of bulk NaCl, flat NaCl͑001͒, and stepped NaCl͑001͒ has been briefly discussed. As with the atomic structure, the electron density in the surface region is not perturbed to any great extent by the presence of the surface. The main effect is a small narrowing and upshift of the valence band DOS as one moves from the bulk to the subsurface region, to the flat surface, and to the steps.
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APPENDIX A
Some of the tests carried out in order to determine the numerical accuracy of the computational setup employed in this study are reported here. Specifically, convergence tests on the dependence of the surface energy on the plane-wave cutoff ͓Fig. 8͑a͔͒ and k-point mesh ͓Fig. 8͑b͔͒ used are presented as are convergence tests on the dependence of the ledge energy on the plane-wave cutoff ͓Fig. 8͑c͔͒ and k-point mesh ͓Fig. 8͑d͔͒. In all calculations, a fixed four layer NaCl slab was used and the Monkhorst-Pack k-point meshes reported correspond to the sampling per 1 ϫ 1 surface unit cell. It can be seen from Fig. 8 that our chosen cutoff energy ͑400 eV͒ and k-point mesh ͑4 ϫ 4͒ yield surface energies and ledge energies converged to within 0.2 meV/ Å 2 and 0.5 meV/ Å, respectively, of those obtained with a much higher cutoff ͑1200 eV͒ and much denser k-point mesh ͑16 ϫ 16ϫ 1͒.
APPENDIX B
Here, we briefly sketch the thermodynamic route that takes us from Eq. ͑5͒ to Eq. ͑7͒, which enables the ledge energy of stoichiometric and nonstoichiometric steps on NaCl͑001͒ to be compared. As given in Eq. ͑5͒, the ledge is E ledge = ͑E slab − E bulk − ␥A͒/2L, where E bulk is the energy of the ͑stoichiometric͒ NaCl formula unit in bulk NaCl. The well-known problem is that one cannot define the energy of the atomic species in a compound like NaCl, and thus one cannot determine E ledge for a nonstoichiometric system, i.e., one in which there are different numbers of Na and Cl atoms. However, by employing thermodynamics and considering Na and Cl as "subunits" of NaCl, the problem can be quite effectively sidestepped.
To begin, we consider the equilibrium condition for NaCl, which we express as ͑E Na͑s͒ + Na ͒ + 1 2 ͑E Cl 2 ͑g͒ + Cl 2 ͒ = E f + E NaCl͑s͒ , ͑B1͒
where, as before, E f is the formation energy of NaCl, and E Na͑s͒ , E Cl 2 ͑g͒ , and E NaCl͑s͒ are the total energies of Na atoms in bulk Na, gas phase Cl 2 molecules, and bulk NaCl, respectively. Setting the total energies to zero yields a formation energy for NaCl that is now given by the chemical potentials of chlorine molecules, Cl 2 , and Na atoms, Na : Na + 1 2 Cl 2 = E f . ͑B2͒
If we choose the chemical potential of Cl 2 , Cl 2 , as the only independent variable, then its accessible range is obviously given by
where the lower limit, the "chlorine poor" limit, is the computed heat of formation of NaCl, which with the PBE functional is −3.63 eV ͑Table I͒. By construction, the other limit, the "chlorine rich" limit, is given by E Cl 2 ͑g͒ , the computed total energy of gas phase chlorine molecules. Combining Eqs. ͑B1͒ and ͑B2͒ thus leads to the expression for the ledge energy given in Eq. ͑7͒, E ledge = ͭ E slab − N Naͫ E Na͑s͒ + ͩE f − 
